Background: There is a high incidence of a secondary anterior cruciate ligament (ACL) injury in unbraced adolescent athletes. Little is known about the effect of functional bracing with regard to the risk of secondary ACL injuries among adolescents.
Adolescents are uniquely prone to a second anterior cruciate ligament (ACL) injury-either graft rupture or contralateral tear-after ACL reconstruction. 19, 26, 28 In an Australian cohort study of patients treated with hamstring tendon autograft ACL reconstruction, the overall failure rate was only 4.5%. 28 However, when the cohort was stratified by age, the risk of graft tear in patients younger than 20 years was 14% at a mean 3 years after surgery. 28 In a more recent study of patients younger than 20 years, 26 the same group reported a graft rupture rate of 18%, with half of ruptures occurring in the first postoperative year. The highest graft rupture rate was seen in male patients 17 years of age and younger (28%), and it was noted that retear rates were twice as high in patients 17 years of age and younger than in patients who were 18 and 19 years old. These findings support the assertion that adolescents appear to be at particular risk for ACL graft rupture after reconstruction.
Functional ACL bracing upon return to sport was not part of the rehabilitation protocol in these Australian studies. Bracing is not standard practice in Australia, and <8% of physicians there recommend a brace for return to sport. 8 In a survey of the American Orthopaedic Society for Sports Medicine, Delay et al 7 reported that functional ACL bracing is recommended 63% of the time in the United States, with another study reporting that surgeons recommend functional bracing for 9 to 12 months upon return to sport. 6 A systematic review demonstrated that advantages of functional bracing following ACL reconstruction include normalizing joint mechanics, improving patient confidence, assisting with the transition back to sporting activities, and protecting healing tissue. 16 Disadvantages include increased risk of injury when braces are worn improperly, muscle atrophy, reduced knee extension velocity, additional cost, increased exercise fatigability, and decreased patient perception of maximal performance. 16 While functional ACL bracing has been studied with regard to in vivo knee kinematics, biomechanics, and early clinical outcomes, there is currently limited evidence and lack of validation on the use of functional bracing to decrease the rate of reinjury following ACL reconstruction. 3, 16 Given the sparsity of literature regarding bracing upon return to sport in relation to the risk of reinjury, the aim of this study was to determine the rate of reinjury in a cohort of young patients who were prescribed functional bracing following ACL reconstruction with hamstring autograft. As a secondary aim, we compared our findings with the age-matched unbraced cohort reported earlier. 28 Our secondary hypothesis was that the reinjury rate with brace use would be lower than that of a historical unbraced control group.
METHODS

Patient Selection
A retrospective review was performed of a consecutive US cohort of 219 patients younger than 20 years who had primary hamstring autograft ACL reconstruction surgery between January 2009 and December 2013 by a single experienced knee surgeon (M.M.M.). Patients were initially confirmed to have an ACL tear by physical examination with a positive Lachman test result and later confirmed with magnetic resonance imaging (MRI). Prior to ACL reconstruction, all patients had a positive pivot-shift examination result under anesthesia and visual confirmation of a complete tear of the ACL. All patients were prescribed postoperative functional ACL bracing to be used during participation in cutting and pivoting sports for a minimum of 2 years. After institutional ethics approval, all were invited to participate in the current study. Patients were at a minimum of 3 years following reconstructive surgery and were queried at a mean 5.6 years (range, 3-8 years) after surgery. Additionally, as a secondary aim, data from an Australian cohort of patients younger than 20 years 26 were used as a historical control to compare the reinjury rates following primary hamstring autograft ACL reconstruction in patients who were prescribed postoperative functional ACL bracing upon return to sport (US cohort) and those who were not (Australian cohort).
Data Collection
Patient databases were searched for demographic information, injury, and surgical information. Demographics included age at the time of surgery, sex, and history of contralateral ACL injury. Surgical details and subsequent injuries were confirmed when available in the medical record. All patients were mailed or emailed a link to an online survey. Patients were excluded if they had a prior ACL injury or reconstruction to either knee. Patients were included in the study only if they completed the survey, given that questions regarding brace use could not be retrieved from the medical records. This survey was adapted from Webster et al 28 and included structured questions regarding mechanism of injury, further injury to the ACL-reconstructed knee or injury to the contralateral knee, whether patients had returned to strenuous sport, and their Marx activity level in the year preceding the survey. In addition, questions were added regarding duration of postoperative bracing. Family history was considered positive if the patient had a first-degree relative with an ACL tear.
Surgical Procedure and Rehabilitation
All participants had a positive pivot-shift examination result under anesthesia and visual confirmation of a complete tear of the ACL, followed by a hamstring autograft reconstruction. The semitendinosus and gracilis tendons were harvested through a 3-cm incision over the proximal tibia and were doubled over a continuous-loop EndoButton (Smith & Nephew) to form a 4-stranded graft, which was placed under 15 lb of tension during tunnel preparation. A transtibial approach was used to drill the femoral tunnel, with the tibial tunnel entering the joint slightly posterior in the tibial footprint and the femoral tunnel aperture in the femoral ACL footprint. The graft was passed through the tunnels and the EndoButton engaged on the lateral femoral cortex. The graft was cycled under maximum manual tension and fixed to the tibia using a bioabsorbable interference screw (Smith & Nephew) with the knee in 5 of flexion.
Postoperatively, the patients in the current cohort were prescribed the same rehabilitation protocol, with an emphasis on regaining full extension and quadriceps function first. Partial weightbearing in a locking hinge brace set from 0 to 90 was used for the first 4 weeks, after which weightbearing was allowed as tolerated. A graded return to vigorous activities over the 6-month period was supervised by the physician and physical therapist, with a typical return to running at 3 months and evaluation for return to sport performed at 6 months after surgery. Functional bracing for cutting and pivoting sports was prescribed for 2 years after surgery. For the unbraced cohort, the postoperative rehabilitation was similar, with encouragement of immediate full knee extension and the restoration of quadriceps function as soon as possible. No braces or splints were used. For the current cohort as well as the prior (Australian) cohort, the decision about the timing of return to sport was made by the treating surgeon based on the following: no swelling, an essentially full range of motion, a stable knee on clinical examination, good quadriceps strength on clinical examination, control of a single-leg step-down or squat exercise, and the patient's confidence in his or her knee. In both cohorts, from 4 to 6 months, patients were typically allowed return to sportsspecific drills and activities, including controlled change of direction. From 6 months, patients were encouraged to increase training intensity and to pursue a gradual return to competitive sport as tolerated without pain or swelling. A minimum of 4 weeks of unrestricted training was required prior to return to competitive sports.
Anatomy Measurements
Posterior tibial slope, coronal tibial slope, medial tibial depth, and femoral notch width were measured for patients who had preoperative MRI available by 2 independent examiners (G.M.P. and A.V.), as shown in Appendix Figure  A1 . The posterior slopes of the medial and lateral tibial plateaus were measured with the techniques described by Hudek et al 10 and Hashemi et al. 9 The slope of the tibial plateau in the coronal plane and medial tibial depth were measured with the technique described by Hashemi et al. 9 The width of the femoral notch was measured in the coronal plane, parallel to a line along the most inferior aspects of the femoral condyles. 18 The measurement was taken at the middle of the ACL attachment. 29 
Statistical Analysis
Binomial logistic regression was used to determine the demographic and anatomic predictors of injury risk. The analysis was performed only on the braced cohort. Each demographic or anatomic factor was used as an independent variable, and the status of secondary injury was considered an independent variable. Given the retrospective nature of the analysis, no a priori sample size calculation was performed. Odds ratios (ORs) were calculated, and an alpha of 0.05 was used. The percentage of graft ruptures, contralateral ACL injuries, and overall secondary ACL injuries (ipsilateral or contralateral) were calculated. The Fisher exact test with a 2 Â 2 contingency table was used to compare observed injury ratios with those of previously reported in a comparable cohort of 316 unbraced patients (mean age, 17.2 years [range, 11-19 years]; 36.7% female patients). 26 To minimize the effect of nation-specific sports played on the rates of injury, the analysis was performed by excluding patients who played Australian Rules football and netball from the unbraced cohort, as these sports were not found in the US cohort. A secondary analysis was also performed where all athletes were included and is included as Appendix Table A1 . The remaining patients in the unbraced cohort (n ¼ 140) predominantly played soccer (38%) and basketball (34%). P values were 2-sided and considered statistically significant at P .05. Statistical analysis was performed using SPSS (v 23; IBM Corp).
RESULTS
Of the 219 patients in the braced cohort, 142 (65%) could be contacted and followed up with at a mean ± SD of 5.6 ± 1.5 years postsurgically. Seven patients were excluded due to prior ipsilateral or contralateral ACL injuries or reconstructions, resulting in a total study population of 135 patients. Demographic information for the overall cohort population (n ¼ 219) and included patients (n ¼ 135) is presented in Table 1 . Of 135 included patients, 131 indicated their mechanism of injury, of which 57 (44%) had a noncontact mechanism of injury, and 74 (56%) had a contact mechanism of injury. Of 135 patients in the braced cohort, 41 (30%) had a family history of ACL injury, and 86 had available preoperative MRI that was used to quantify knee anatomy ( Table 2 ). Demographic information for the unbraced Australian cohort is presented in Table 3 . Detailed characteristics of the study were previously published by Webster and Feller. 26 
Compliance With Recommended Brace Use
Of 135 patients, 128 (95%) reported wearing a brace following surgery, and 104 (77%) reported wearing a brace for more than 1 year following surgery ( Figure 1 ).
Return to Sport
Of the respondents in the braced cohort, 63% reported having returned to very strenuous activity, including jumping and pivoting, as in football, basketball, or soccer, at follow-up. In the unbraced historic cohort, 88% of the patients reported a return to strenuous activity. The mean Marx score in the braced cohort at follow-up was 8, with 96 of 135 (71%) having a score !4 (which requires cutting, pivoting, or deceleration at least once a month) and 39 (29%) having a score !12 (a score that corresponds to performing cutting, pivoting, or deceleration activities 2 to 3 times per week).
Graft Injury Rate
In the braced cohort, graft injury occurred in 14 patients (10%) at a mean 2.3 years, with the earliest occurring at 22 weeks and the latest occurring at 5.8 years after the initial ACL reconstruction. Out of the 14 graft injuries, 2 (14%) occurred within the first postoperative year and 5 (36%) occurred within the first 2 years following surgery. Graft rupture rates for different age groups are shown in Figure 2 . Graft rupture rates categorized by sex and age stratification are displayed in Table 4 . Of 115 patients 17 years of age and younger, 13 (11%) had a subsequent graft injury, as opposed to 1 of 20 (5%) patients 18 and 19 years of age. Of 13 patients, 7 (54%) were wearing a brace at the time of graft rupture. One of the patients with a torn graft did not answer the brace use question. Of those patients who had a graft rupture, 7 of 14 (50%) underwent revision ACL reconstruction.
Contralateral ACL Injury Rate
In the braced cohort, contralateral injury occurred in 18 patients (13%) at a mean 2.4 years, with the earliest occurring at 41 weeks and the latest occurring at 5.7 years. Of Values are presented as mean ± SD. the 18 contralateral injuries, 4 (22%) occurred within the first postoperative year and 8 (44%) occurred with the first 2 years following surgery. Contralateral injury rates for each age group are shown in Figure 2 . Contralateral ACL injury rates categorized by sex and age are displayed in Table 5 . Out of 115 patients 17 years of age and younger, 17 (15%) had a subsequent contralateral ACL injury, as opposed to 1 of 20 (5%) patients 18 and 19 years of age. Of 18 patients who had a contralateral tear, 10 (56%) were wearing a functional brace on the postoperative knee when they were injured. All patients who suffered a contralateral ACL injury underwent ACL reconstruction.
Combined Graft and Contralateral ACL Injury Rates
One patient sustained both a graft rupture and a contralateral ACL injury on separate occasions. This patient was 12 years of age at the time of the first ACL surgery and was wearing a brace on the indexed knee when she sustained a graft rupture and contralateral ACL injury. The total number of patients who had at least 1 subsequent ACL injury to either knee following their primary surgery was 31 (23%). Combined secondary ACL or graft injury rates for each age group are shown in Figure 2 . Secondary ACL or graft rupture rates categorized by sex and age stratification are displayed in Table 6 . The highest reinjury rate was in the youngest-age female group (<18 years) at 26%. Of 115 patients younger than 18 years, 29 (25%) had a subsequent graft rupture or contralateral ACL injury, as opposed to 2 of 20 (10%) patients 18 and 19 years of age.
Differences in Injury Rates Between the Braced and Unbraced Cohorts
The differences in graft, contralateral ACL, and combined injury rates between the braced cohort reported in this study and the unbraced cohort reported by Webster and Feller 26 are presented in Table 7 with the netball and Australian football athletes excluded. For the same analysis with those athletes included, see Appendix Table A1 .
Predictors of Injury
Details of all the associations between the demographic and anatomic predictors and risk of secondary ACL injuries are presented in Appendix Tables A2 through A4 . None of the studied factors were associated with the risk of graft injury (P > .06) (Appendix Table A2 ). Younger age Table A4 ).
DISCUSSION
Numerous studies have reported on the high rate of secondary ACL injuries to either knee (17%-37%) following initial injury in younger patients. 12, 20, 22, 24, 28 This study confirms the high rate of secondary ACL injuries in younger patients and also examines the effect of functional bracing following ACL reconstruction. A recent systematic review regarding functional bracing following ACL reconstruction concluded that there was limited evidence to support the use of routine bracing to decrease the rate of reinjury after ACL reconstruction. 17 Despite the high rate of second ACL injury found in this study, when compared with an unbraced cohort, a braced adolescent group had a significantly decreased risk of graft rupture, in particular patients 17 years of age and younger at the time of ACL reconstruction. Thus, clinicians treating adolescent patients may want to consider the use of functional bracing after ACL reconstruction in this patient population. Risk of secondary ACL injury has also been linked to postoperative activity level. 2, 11 A 63% rate of return to cutting and pivoting sports was found for the patients in this study. This is similar to that reported in a systematic review and meta-analysis of 48 studies and 5770 participants after ACL reconstruction surgery, 1 where 2 in 3 individuals returned to their previous level of sport. This is also consistent with more recent reports suggesting that approximately half of athletes aged 25 years and younger have returned to level 1 sports at 1 year after surgery. 27 In addition, this cohort of patients had a median postoperative Marx score of 8 at the time of the survey (mean, 5.6 years). This is consistent with prior work that reported a median Marx activity level of 9 points at 2 years after surgery and 7 points at 6 years after surgery in a cohort of more than 1500 patients. 17 The observed injury patterns showed that the rates of graft rupture were higher in patients younger than 18 years (11%) as compared with those 18 and 19 years of age (5%). This trend was similar to that observed in an unbraced cohort where patients younger than 18 years and male patients exhibited the highest rate of graft injury. 26 The overall graft retear rate in the braced cohort was half of that seen in the unbraced cohort (10% vs 21%). Similar trends were observed by comparing the graft retear rates across each age and sex subgroup, with statistically significant findings for the group younger than 18 years showing decreased retear rates in the braced cohort.
Interestingly, the early graft tear rate (within 1 year of surgery) was lower in the braced group than in the unbraced group, in particular among those younger than 18 years (2% vs 12%). This is an important consideration, as previous investigators reported that the majority of graft ruptures and ACL revision procedures occur within the first 1 to 2 years after initial surgery. 15, 26 Also, histologic studies suggest that hamstring tendon autografts are in the "remodeling phase" within this time frame, potentially the phase where the graft is at greatest risk. 21 This information suggests that younger patients who undergo primary ACL reconstruction with hamstring autograft should delay return to strenuous activity for at least 1 year, preferably 2 years. However, in this young population, it may be difficult to achieve compliance where athletes are focused on returning to sport as soon as possible. Our findings suggest that functional bracing may provide a benefit of decreased risk of graft tear during this early period of return. Furthermore, our study shows that functional bracing compliance is relatively high in this age group, with 77% of patients reporting wearing a brace for sports for at least 1 to 2 years following surgery.
One of the concerns about the use of functional bracing is the effect that the brace may have on contralateral injury rates. 17 No statistically significant difference was observed in contralateral ACL injury rates after ACL reconstruction between the unbraced cohort and the patients with functional bracing. This lack of difference could have been due to our limited sample size. Further studies with a larger sample size are required to determine whether bracing can influence the contralateral ACL injury risk.
In addition, this study found that a high lateral tibial slope, younger age, and family history of ACL injury are risk factors for secondary ACL injury, even in patients who use postoperative functional bracing. Prior studies have shown increased risk of graft failure and contralateral ACL injury in patients with a steep lateral tibial slope. 5, 13, 14, 23, 25 Similarly, younger age and family history of ACL injury have been linked to increased risk of secondary ACL injury. 4, 26, 28 Our results confirm those earlier observations and further highlight the importance of these factors as they continue to influence the risk of injury. Additional injury prevention strategies (ie, neuromuscular training, physical activity modification) should be considered for patients with these risk factors in an effort to lower the risk of secondary ACL injuries.
This study has several limitations. There are several ways that the patients studied here differed from those of the previously reported unbraced cohort, including age, sex, sports participation, and rehabilitation. The rehabilitation protocol used in the unbraced group had weightbearing as tolerated starting on the first day, where the braced group had partial weightbearing for 4 weeks. Other rehabilitation factors were similar, including an early emphasis on the regaining of full extension and quadriceps strength. At a mean 4.8 years (unbraced) and 5.7 years (braced) after surgery, return to strenuous sport was 88% in the unbraced cohort and 63% in the braced cohort. As neither cohorts prospectively collected the return to sport data, we could not assess whether one group or another had an actual difference in the timing of return to sport and to what sport they returned in the early postoperative period, when most graft failures occurred. Moreover, when a historical cohort is being used for comparison, there may be other confounding factors not accounted for, and the effect of bracing cannot truly be known until participants are randomized. We attempted to minimize those effects by including patients with similar sports types, as well as stratifying the results by age and sex. Another major limitation of our study is the low follow-up rate (65%). Prior studies of adolescent patients have reported rates of follow-up of between 75% and 89%. 22, 24, 26, 28 Our lower follow-up rate can be explained by the lack of postoperative bracing compliance information in the medical record and the need for direct patient communication, which inherently yields a decreased follow-up rate. In addition, there is always the risk for recall bias in a retrospective study and especially in our cohort, where functional bracing use and compliance cannot be confirmed through the medical record. Finally, our small sample size and limited number of reinjuries may have influenced our ability to properly determine the effect of bracing on risk of secondary ACL injuries. While no definitive conclusions can be drawn from these findings, our results highlight the need for further studies with large sample sizes and a prospective design.
Of note, patients who had a contralateral ACL injury had subsequent ACL surgery in all cases, while approximately half of those who had a graft retear underwent additional ACL surgery on that knee. Thus, if we had only queried whether patients had revision ACL surgery, we may have missed a large percentage of patients who sustained a graft injury. This discrepancy between reinjury rate and revision rate may be the result of multiple factors. Patients may be more amenable to activity modification because of (1) a gradual lifestyle adoption that involves less cutting and pivoting sports activity or (2) a reluctance to undergo a surgical procedure that had already failed in their case. Future studies should specify whether graft failure rates are those due to reinjury versus revision surgery, as these rates may not be the same in all patient populations.
In summary, the results of this study confirm the high ACL reinjury rates in younger patients who undergo an ACL reconstruction, while adding to the evidence base regarding prescription and use of postoperative functional ACL bracing. The data suggest that functional bracing may help minimize the number of subsequent ACL injuries in young patients undergoing primary ACL reconstruction with hamstring autograft. 
